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YTTRIA-STABILIZED ZIRCONIA MEMBRANE
STABILITY IN FLUORIDE MELTS FOR THE
MAGNESIUM SOM PROCESS
JARROD D. MILSHTEIN
ABSTRACT
One proposed industry method for the direct electrolysis of magnesium oxide
for magnesium production is the Solid Oxide Membrane (SOM) process. The SOM
process offers an energy efficient, low-cost magnesium production alternative with
much lower environmental impact compared to other methods of primary magnesium
production. During the SOM process, MgO is dissolved in a molten CaF2-MgF2
flux. A yttria-stabilized zirconia (YSZ) membrane is submerged in the flux, and
this membrane acts as an oxygen anion conducting SOM tube. The YSZ membrane
separates the cathode and flux from the anode. When an electric potential is applied
across the electrolysis cell, magnesium cations travel through the flux and are reduced
at a stainless steel cathode. Oxygen anions simultaneously move through the YSZ
membrane to a liquid silver anode, where the anions are oxidized.
The SOM process has been demonstrated successfully on the laboratory scale, but
in order for the SOM process to be commercially viable, electrolysis cells must operate
for thousands of hours. The stability of the YSZ membrane limits the operating life
of the SOM electrolysis cell. This thesis determines YSZ membrane stability in oxy-
fluoride fluxes for the SOM process so that membrane degradation can be better
understood and controlled. One primary degradation pathway of YSZ in the SOM
process has been determined to be yttria depletion out of the YSZ membrane. Yttria
concentration profiles in YSZ membranes were determined using x-ray spectroscopy,
vi
and the concentration profiles were used to analyzed the depletion process. The
yttria depletion mechanism was determined to be chemical diffusion, and the diffusion
process was modeled. A method of controlling the yttria depletion process by adding
small concentrations of YF3 to the flux is described, modeled, and experimentally
proven. An optimal range of YF3 concentrations to add to the flux is determined for
increasing YSZ membrane stability.
This study investigated the role of flux impurities on YSZ membrane stability.
The effect of impurities on YSZ membrane stability had not been studied or de-
scribed before this work. Impurities tested are common to magnesium ores: calcia,
silica, sodium oxide, and sodium peroxide. Any degradation effects due to these im-
purities were analyzed, and methods to remove the negative effects of impurities were
described when possible.
vii
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1Chapter 1
Introduction
1.1 Background
The world’s production of magnesium is expected to increase 7% per annum, and
magnesium is the third most abundant metal in the earth’s crust [3]. Magnesium
also was the highest stiffness-to-weight ratio of engineering metals. Its low density
further makes it an ideal candidate for replacing aluminum and steel in automobiles
[4]. For example, the density of magnesium is 1.74g/cm3, and the density of aluminum
is 2.80g/cm3.
By replacing aluminum or steel with magnesium in automobiles, fuel economy can
be increased. Before the drastic increase in oil prices, automotive manufacturers were
mostly concerned with automotive comfort and safety, but now they are concerned
with increasing fuel economy by decreasing vehicle weight [5]. The move towards
increasing the number of magnesium parts in automobiles stems from a desire to
increase automobile fuel economy. Worldwide automobile manufacturers want to
increase the amount of magnesium used in automobiles up to 40-100kg, from the
current 5kg. Automobile manufacturers in the United States plan to use 153kg of
magnesium parts in cars by 2020, replacing 283.5kg of steel or aluminum parts [4]. If
U.S. manufacturers reach their magnesium weight target of 153kg, the mass reduced
on a single car will increase fuel economy between 1.5-2mpg. Even this small increase
in fuel efficiency could reduce oil imports by up to 1 million barrels per day [6].
Historically, one reason that magnesium was not used in automobiles was that
2pure magnesium metal has poor corrosion resistance. Various magnesium alloys have
since been developed such as Mg-Al-RE, Mg-Al-Ca, Mg-Al-Si, and Mg-Al-Sr, which
show good corrosion resistance. Now corrosion resistance is no longer a primary
drawback to using magnesium in cars [7]. Strict recycling laws in Europe have also
prevented the use of magnesium, as 85% by weight of all vehicles produced after 2006
must be recycled or recovered. This percentage will increase to 95% by 2015. Recent
advancements in magnesium recycling technology have yielded up to 99% recovery,
making the metal viable for use in European automobiles [5, 6]. Now the reason
prohibiting use of magnesium in automobiles is the high cost of primary magnesium
production.
1.2 SOM for Magnesium Production
In order for magnesium to become cost-competitive with steel or aluminum in au-
tomobile manufacturing, the cost ratio of magnesium to steel or aluminum must be
appropriate. If the magnesium to galvanized steel cost ratio drops below 4.33:1 or
the magnesium to aluminum cost ratio drops below 1.8:1, automakers will be able to
use magnesium in automobiles [1]. In 2008, the magnesium to galvanized steel cost
ratio was 8:1 and the magnesium to aluminum cost ratio was 2.5:1. The Solid Ox-
ide Membrane (SOM) process is expected to meet the demand for low cost primary
magnesium production and was determined to be the cheapest method of primary
magnesium production in an independent study [1]. Figure 1·1 compares the mag-
nesium production costs of the competing primary magnesium production methods.
The SOM process is especially cheap due to minimal pre-processing, low capital costs,
small manufacturing plant size, and low energy costs [1]. Additionally, the process is
environmentally friendly.
The SOM process has been proven on a laboratory scale for the direct electrolysis
3Figure 1·1: Cost comparison chart of primary magnesium production
methods [1].
of various metal oxides such as magnesium, tantalum, calcium, silicon, and titanium
[8, 9, 10, 11, 12]. Figure 1·2 shows a graphic outline of the SOM process for mag-
nesium. First, magnesium oxide (MgO) is dissolved in a molten fluoride based flux
comprised of a calcium fluoride-magnesium fluoride (CaF2-MgF2) mixture. The flux
is contained in a chamber made of type 304 stainless steel at a temperature of 1190◦C.
A one-end-closed oxygen anion conducting SOM tube is then submerged in the flux.
This SOM tube is made from yttria-stabilized zirconia (YSZ). The stainless steel
chamber wall acts as the cathode, and a liquid silver anode is placed inside the SOM
tube. The SOM tube does not touch the stainless steel cathode. In this arrangement,
the flux acts as a liquid electrolyte, and the YSZ acts as a solid electrolyte.
The SOM tube separates the cathode and flux from the anode. Once a potential
of appropriate magnitude is applied across the electrolysis cell, dissociation of MgO
begins. Oxygen anions are transported through the flux and YSZ tube to the liquid
4metal anode inside the SOM tube. Oxidation of the oxygen anions occurs at the
anode. Meanwhile, magnesium cations are transported through the flux to cathode,
where the magnesium cations are reduced. The magnesium metal is released from the
flux as a vapor, and the magnesium vapor is condensed and collected in a separate
chamber.
In this work, the anode current collector was either a molybdenum tube or a
graphite rod. When a molybdenum current collector was used, hydrogen gas (H2(g))
was used as a reductant to lower the dissociation potential of MgO in the electrolysis
cell. Water vapor was produced at the anode when the hydrogen reductant was used.
Similarly, when a graphite rod was used, the carbon itself was consumed and used as a
reductant to produce carbon monoxide (CO(g)) at the anode. Figure 1·2 additionally
shows the two possible anode reactions.
Figure 1·2: Graphic outline of the Solid Oxide Membrane process for
magnesium production.
The ionic melt depicted in Figure 1·2 must have certain features in order to ensure
5a successful SOM process. The flux must first have low viscosity, allowing for fast
ion transport kinetics. Fast ion transport kinetics can be increased by ensuring that
the flux also has high ionic conductivity. Second, the flux must have a low vapor
pressure so that the flux does not volatilize during the SOM process. Volatilization
of the flux could lead to contamination of the condensed product metal and loss of
liquid electrolyte. The flux should also have no electronic conductivity, as electronic
conductivity in the flux will act as an internal short in the electrolysis cell, decreasing
current efficiency. High MgO solubility is desired too, so that high current densities
can be achieved. Finally, the YSZ membrane must be stable in the flux [13].
An additional advantage to using the SOM process is that the anode current
collector can be modified to produce medical grade oxygen as the anode byproduct.
An ongoing study is considering the use of an oxygen evolving ceramic, such as
lanthanum strontium manganite, as the current collector. This oxygen byproduct
can be collected and sold to further offset the SOM operating cost.
1.3 YSZ Membrane Stability
For the SOM process to be successful on the industrial scale, electrolysis cells must
be able to operate for thousands of hours, and the YSZ membrane is believed to be
the lifetime-limiting component of the electrolysis cell. The YSZ membrane is also
the most expensive component of the electrolysis cell. Improving the lifetime of the
YSZ membrane is critical for the commercialization of the SOM process.
It was shown in a prior study on the SOM process for magnesium production that
one method of YSZ membrane degradation is depletion of yttria (yttrium oxide or
Y2O3) in the YSZ membrane [13]. This study experimented with membrane stability
in CaF2-MgF2 based fluxes and suggested that the mechanism of yttria depletion was
diffusion of yttria out of the YSZ membrane. It was also proposed that the yttria
6depletion process could be stopped by adding a small concentration of YF3 to the
flux. This study, however, did not quantify the rate of yttria depletion nor identify
an optimal concentration of YF3 to add to the flux to stop yttria depletion. This
study also only considered short-term YSZ membrane stability.
A second mechanism of membrane degradation is thought to be caused by electro-
chemical degradation of the YSZ. Electrochemical reduction of the YSZ occurs when
electronic current is present in the flux.
The effect of flux impurities on YSZ membrane stability and SOM operation has
not yet been studied in the SOM process for magnesium production. Impurities will
be introduced to the flux during an industrial SOM process with a continuous feed
of MgO. Although the initial purity of fluorides in the flux can be well-controlled,
as MgO is continuously added to the flux, impurities commonly found in MgO will
accumulate. These impurities include: calcium oxide (CaO or calcia), sodium oxide
(Na2O), sodium peroxide (Na2O2), and silicon dioxide (SiO2 or silica).
1.4 Scope
This thesis aims to better the understanding of YSZ membrane stability in molten
fluoride based fluxes in the SOM process for magnesium production. The thesis is
divided into 6 chapters, the first of which is the introduction and the last of which is
a conclusion. The first body chapter, Chapter 2, describes and analyzes experiments
to determine the yttria depletion mechanism. The addition of YF3 to the flux as a
membrane stabilizer is also discussed, and the stabilizing mechanism is outlined. An
acceptable range of yttria concentrations during SOM operation is also determined.
Chapter 3 continues to build on the understanding of the yttria depletion mechanism
by modeling and quantifying the process. A model is also developed to relate the
concentration of YF3 in the flux to the yttria concentration in the membrane, and
7this model is used to determine an optimal range of YF3 concentrations which can
be used in the flux for SOM operation.
The effect of impurities on YSZ membrane stability will be described for the first
time in Chapter 4. In experiments to determine possible negative effects of impurities,
the yttria depletion degradation mechanism was removed by using methods described
in Chapter 3. Possible stabilizing effects of certain impurities are also outlined.
In the final body chapter of this thesis, full-scale SOM electrolysis experiments
are analyzed to determine any additional effects that an applied potential may have
on YSZ membrane stability. The relationship between yttria depletion and applied
potential is divulged. The combination of impurities and applied potential across a
membrane is also discussed. Finally, electrochemical degradation of YSZ in the SOM
process is briefly described.
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Yttria Diffusion
2.1 Objective
It has previously been shown that the YSZ membrane used in the SOM process
degrades by a yttria depletion process, and one way to control this depletion process
is by adding a small concentration of YF3 to the flux [13]. The effects of this yttria
depletion process on membrane stability were isolated by performing a set of static
membrane stability experiments, in which no electric potential was applied across YSZ
membrane samples. The purpose of this chapter is to outline the experimental method
employed and describe the results of these static membrane experiments. Important
conclusions are drawn regarding the long-term operation of SOM electrolysis cells.
2.2 Experimental
Experiments were designed to quantify rates of yttria diffusion in and out of YSZ
membranes with varying YF3 concentrations in the flux. During such experiments,
no electric potential was applied across the membranes. In these experiments, YSZ
membrane sections were submerged into molten fluxes of varying compositions at
1190◦C.
5cm long sections of YSZ tubes (McDanel Ceramics #Z15410431− 012000) were
first cut using a diamond saw. The YSZ tubes all had a 1.91cm outer diameter and
a 1.27cm inner diameter. The YSZ tubes also had an yttria content of 10.5w% (6
9w% YF3 w% CaF2 w% MgF2 w% MgO
0.0 40.5 49.5 10.0
1.0 40.1 48.9 10.0
1.5 39.8 48.7 10.0
2.0 39.6 48.4 10.0
2.5 39.4 48.1 10.0
3.5 38.9 47.6 10.0
5.0 38.3 46.7 10.0
Table 2.1: Flux compositions tested in static membrane stability ex-
periments.
mol%), as specified by the manufacturer. The cut section of YSZ tube was attached to
an alumina extension rod using alumina paste (Aremco #552) so that the membrane
could be lifted in and out of a flux mixture from above.
Flux samples were mixed according to the compositions shown in Table 2.1. All
flux mixtures were comprised of magnesium fluoride hydrate (Alfa Aesar #A12830),
96% pure magnesium oxide (Alfa Aesar #12287), 99.5% pure calcium fluoride (Alfa
Aesar #11055), and 99.99% pure yttrium fluoride (Alfa Aesar #13650). Flux con-
stituents were first dried at 250◦C for 12 hours to remove moisture from the salts.
Once dried, the salts were mixed in the appropriate proportions inside a Nalgene
bottle. Uniform mixtures were achieved by spinning the Nalgene bottle containing
the salts on a ball mill for 2 hours at 200rpm. A total of 100 grams of mixed powder
was prepared for each experiment.
Stainless steel crucibles were fabricated out of type 304 stainless steel with an
outer diameter of 4.45cm, an inner diameter of 4.11cm, and a height of 12.7cm. The
mixed flux powder was then poured into the crucible. At the operating temperature
of the experiment, the molten flux reaches a height of 2.5cm in the crucibles. Cru-
cibles containing the powder were lowered into a leak-tight mullite chamber inside
a tube furnace. Forming gas (5% Hydrogen, 95% Argon) was passed through the
mullite chamber at a rate of 300 SCCM for 30 minutes to purge the chamber of at-
mospheric gases. Forming gas was continually passed through the mullite chamber
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for the remainder of the experiment. The furnace was then heated to the operating
temperature of 1190◦C at a rate of 4◦C/min. Once the furnace had reached the op-
erating temperature, the system was allowed to equilibriate for 1 hour. Membranes
were then submerged into the flux such that the membrane was suspended 1cm above
the bottom of the stainless steel crucible, leaving 1.5cm of the membrane submerged
into the flux. A schematic of the experimental set-up is provided in Figure 2·1.
Figure 2·1: Schematic of static membrane stability experiment set-up.
Membranes were submerged in the flux for a total of 24, 32, 50, or 100 hours before
being raised out of the flux, while maintaining a furnace temperature of 1190◦C. The
furnace was then cooled at a rate of 4◦C/min to room temperature, after experiments
had been completed. The flow of forming gas through the mullite chamber was not
stopped until the furnace had cooled to room temperature.
Samples were prepared by first sectioning the YSZ membranes 0.25cm above the
lowest point of submersion. This task was performed using a diamond blade saw.
The 0.25cm tall sample was mounted in an epoxy resin. The epoxy was mixed from
Buehler Epothin Epoxy Resin (#20-8140-032) and Buehler Epothin Epoxy Hardener
11
(#20-8142-016). The epoxied samples were allowed to dry under vacuum for 1 hour
and then dry at SATP for another 12 hours. Mounted samples were then ground and
polished in the following steps:
1. 45µm diamond grinding
2. 30µm diamond grinding
3. 15µm diamond grinding
4. 6µm diamond polishing
5. 3µm diamond polishing
6. 1µm diamond polishing
7. 0.25µm diamond polishing
After grinding and polishing, a carbon or gold coating was sputtered onto the pol-
ished membrane surface. Yttrium, zirconium, and oxygen concentrations in the mem-
brane were then determined by either energy dispersive x-ray spectroscopy (EDS) or
wavelength dispersive x-ray spectroscopy (WDS). Images of membrane cross-section
microstructures were taken using a scanning electron microscope (SEM). EDS, WDS,
and SEM analyses were performed on an additional as-received sample from the
manufacturer to offer a comparison to membranes exposed fluxes. Also note that the
freshly cut YSZ surface by the diamond saw was always the surface that was ground,
polished, and ultimately analyzed.
During EDS analysis of the samples, an EDS line scan of a total length of 163µm
was performed on the sample. As each membrane sample had some flux residue at the
outer diameter, each line scan began at least 20µm into the flux and ended at least
120µm into the bulk of the YSZ. These values are measured from the flux-membrane
interface. The line scans measured the signal intensities of the yttrium 14.8-15.1keV
peak, the zirconium 15.4-15.9keV peak, and the oxygen 0.4-0.6keV peak. A 30kV
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accelerating voltage was employed to achieve sufficient resolution of the yttrium and
zirconium peaks.
2.3 Control Sample & Statistical Confidence
EDS, WDS, and SEM analyses were performed on a YSZ membrane sample as-
received from the manufacturer; this membrane was not exposed to high temperature
or flux. WDS analysis was used to determined the yttria content of the as-received
sample.
Figure 2·2: Microstructure of a YSZ membrane cross-section, as-
received from the manufacturer.
Figure 2·2 shows the microstructure of the cross-section of the as-received YSZ
sample. This image allows for a visual comparison of the as-received membrane with
images of membranes exposed to flux. Noteworthy features in Figure 2·2 include
pits in the bulk of the membrane which were likely formed during the grinding and
polishing processes. Some of these pits include large scratches which originate at the
pits. Also notable, the outer diameter of the membrane, shown in the left of the image,
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is non-uniform. This non-uniformity is likely caused by cutting the membrane with
the diamond saw. These features are important to consider because they represent
microstructure flaws in the membrane caused by sample post-processing, not exposure
to high temperature or the flux.
EDS and WDS analysis methods were performed on the as-received sample to
determine the statistical confidence in the two methods. The theoretical and experi-
mental yttria contents of the as-received membrane sample are plotted as a function
of position from the outer surface of the membrane into the bulk. The theoretical
yttria content was simply taken to be the manufacturer’s specified yttria content of
10.5w%. For both methods, the percent error between the experimental (exp.) and
theoretical data (th.) was calculated for each data point.
Figures 2·3 and 2·4 show the data from the WDS and EDS analyses, respectively.
In the WDS method, the maximum percent error measured was 24.8%, and the mean
percent error was measured to be 13.6%. In the EDS method, the maximum percent
error was measure to be 37.5% and the mean percent error was 17.6%. The high error
in these methods is likely due to error in the methods themselves and variability in
the yttria concentration in the as-received membranes due to the presence of both
cubic and tetragonal phases.
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(a) (b)
Figure 2·3: Yttria concentration profile of control sample: (a) WDS
analysis (b) percent error.
(a) (b)
Figure 2·4: Yttria concentration profile of control sample: (a) EDS
analysis (b) percent error.
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2.4 Yttria Diffusion Mechanism
In a static experiment in which a YSZ membrane was exposed to the flux with 0.0%
YF3 content for 32 hours, yttria content in the membrane was determined by WDS
analysis. The microstructure of the membrane cross-section and a plot of yttria
content as a function of position in the membrane are shown in Figure 2·5. In the
microstructure of the cross-section, the flux-membrane interface is shown on the left
side of the image and the bulk of the membrane is located on the right side of the im-
age. In the plot, the flux-membrane interface is indicated by a position of zero. These
conventions will be used for all microstructure and composition plots throughout this
work.
(a) (b)
Figure 2·5: YSZ membrane exposed to flux with 0.0% YF3 content for
32 hours: (a) microstructure of the membrane cross-section (b) yttria
content as a function of position in the membrane.
The first 50µm into the membrane from the flux-membrane interface showed no
yttria, cracks, and a high degree of porosity. The yttria concentration increases 50
16
to 70µm from the flux-membrane interface, and after 70µm, the yttria concentration
remained constant near the manufacturer’s specified content of 10.5w%. It is believed
that yttria migrated from the membrane to the flux in this experiment by a diffusion
process. The concentration profile, however, does not demonstrate the typical error
function behavior of diffusional transport. In the 50 to 70µm region, the yttria
concentration increase was sharp, and the yttria depletion can be better described
by a step function. This behavior occurs because as yttria migrates from the YSZ
membrane to the flux, the depleted region has an yttria content close to 0.0%. The
zirconia in that region is no longer stabilized. Cracks and pores form in the membrane,
increasing the membrane’s surface area exposed to the flux. The increased surface
area in turn allows yttria to deplete at a faster rate in the porous region. YSZ phase
stability will be further discussed later in this chapter.
EDS concentration profiles were also acquired for yttrium (Y), zirconium (Zr), and
oxygen (O) in the membrane. These profiles are shown in Figure 2·6. The zirconium
concentration profile was constant throughout the membrane, indicating that zirconia
depletion did not occur.
Another set of EDS concentration profiles was acquired for fluorine, magnesium,
and calcium. These three elements were the flux components, and the concentration
profiles are shown in Figure 2·7. Some flux elements can be seen in the 50µm depletion
zone, as indicated by spikes in the concentration profiles. These features can be
explained simply because the membrane was so porous in this region that flux was
able to seep into the membrane and fill vacant regions. It does not appear that the
flux constituents stabilized the membrane.
If diffusion is the mechanism for yttria depletion, then an yttria chemical potential
gradient must exist between the YSZ membrane and the flux. The yttria chemical
potential in the flux and membrane can be related to the activity of yttria in the
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Figure 2·6: Membrane elements concentration profiles determined
from EDS analysis. Membrane was exposed to flux with 0.0w% YF3
for 32 hours.
flux and membrane, respectively. Thus by increasing the yttria activity in the flux,
it should be possible to control the diffusion of yttria into and out of the membrane.
Experiments in which YF3 was added to the flux had a higher yttria activity in the
flux than in the 0.0% YF3 experiment simply because the yttrium concentration in
flux was increased.
When 5.0w% YF3 was added to the flux, it was found that the yttria concentration
in the membrane increased near the flux-membrane interface. This concentration
increase suggests that yttria from the flux was diffusing into the membrane because
the yttria activity in the flux was higher than that of the membrane. An yttria
concentration profile for a YSZ membrane exposed to flux with 5.0w% YF3 for 32
hours is shown in Figure 2·8(a). The concentration profile was obtained using WDS
analysis. Near the flux-membrane interface, the yttria concentration reaches as high
as 37w%.
Further, the concentration profiles for zirconium and oxygen can be considered
to divulge more information regarding the diffusion mechanism. Figure 2·8(b) shows
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Figure 2·7: Flux elements concentration profiles determined from EDS
analysis. Membrane was exposed to flux with 0.0w% YF3 for 32 hours.
concentration profiles of yttrium, zirconium, and oxygen determined from EDS anal-
ysis for the membrane exposed to flux with 5.0w% YF3 for 32 hours. It has already
been noted that the yttrium concentration increases near the flux-membrane inter-
face due to a diffusional process. In the region, it should also be noted that the
zirconium concentration is decreasing. This would be expected because in order for
a new yttrium cation to enter the crystal lattice, it must take the lattice position of
a zirconium cation. Thus the concentration of zirconcium must necessarily decrease.
The oxygen concentration also decreases in the in the region of increased yttria con-
centration. This phenomena can be explained as well. In pure zirconia, the anion
(oxygen) to cation (zirconium) ratio is 2:1. In pure yttria, the anion (oxygen) to
cation (yttrium) ratio is 3:2. Then, for yttrium to enter the lattice, the ratio of oxy-
gen to cations (yttrium and zirconium) must necessarily decrease. Hence, a decrease
in oxygen concentration is observed.
The yttria diffusion process can be described by the semi-infinite solution the
Fick’s second law. This solution assumes that in the time range of experiments per-
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(a) (b)
Figure 2·8: Concentration profiles of a YSZ membrane exposed to
flux with 5.0% YF3 content for 32 hours: (a) WDS analysis (b) EDS
analysis.
formed, the membrane can be considered infinitely thick; thus the yttria concentration
in the bulk of the membrane is the infinite boundary condition. The semi-infinite so-
lution to Fick’s second law is shown in Equation 2.1, where c(x, t) is the concentration
at a given position and time, c0 is the steady-state concentration at the flux-membrane
interface, c∞ is the bulk concentration in the membrane, x is position, t is time, and
D is the diffusion coefficient of yttria in the membrane. Modeling of the diffusion
process with the semi-infinite equation will be discussed in the next chapter.
c(x, t) = c0 + (c∞ − c0) erf
(
x
2
√
Dt
)
(2.1)
Importantly, the steady-state interfacial yttria content of the membrane deter-
mines the membrane stability. The c0 value in Equation 2.1 represents the final
concentration of the entire membrane if the yttria diffusion process were allowed to
continue for infinite time. It was found through the static membrane stability exper-
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iments that c0 was fixed for a given YF3 concentration in the flux. This result was
expected due to the thermodynamic description of the diffusion process.
(a) (b)
Figure 2·9: YSZ membrane exposed to flux with 2.0w% YF3 content
for 100 hours: (a) microstructure of the membrane cross-section (b)
yttria content as a function of position in the membrane.
32, 50, and 100 hour static experiments were performed on YSZ membranes with
2.0w% YF3 in the flux. The average interfacial yttria content was 21.02w% in a
32 hour experiment, 15.04w% in a 50 hour experiment, and 17.43w% in a 100 hour
experiment for membranes exposed to flux with 2.0w% YF3. The scatter in the data
is within the experimental error for the compositional analysis of the EDS method.
The agreement in composition among the three experiments suggests that a 32 hour
experiment is long enough for the surface of the membrane to reach steady-state
composition.
Figure 2·9 shows the microstructure of the membrane cross-section and yttria
concentration profile for a YSZ membrane which was exposed to flux for an extended
100 hour long experiment. The yttria concentration profile was determined from
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WDS analysis. This membrane exposed to the flux for 100 hours exhibits little to
no porosity nor does it exhibit any cracking. The microstructure of the cross-section
demonstrates the stabilizing effect of adding YF3 to the flux. The membrane stability
has been vastly improved over its stability without YF3 in the flux.
(a) (b)
Figure 2·10: Microstructure of YSZ membrane cross sections exposed
to flux with 2.0w% YF3 content for: (a) 32 hours (b) 50 hours.
Figure 2·10 shows microstructure of YSZ membrane cross-sections exposed to flux
with 2.0w% YF3 for 32 and 50 hours. These membranes show some pitting due to the
sample preparation process, but do not exhibit the porosity or cracking attributed to
yttria depletion.
2.5 Acceptable Yttria Concentration Range
In order to determine the amount of YF3 that should be added to the flux to stabilize
the YSZ membrane, the electrical and mechanical properties of YSZ with varying
yttria content must be considered. First, high oxygen anion conductivity is favor-
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able during the SOM process, and maximum conductivity occurs at approximately
8.6mol% yttria [14]. Even though the YSZ membrane does account for a significant
portion of the overall SOM electrolysis cell resistance, small changes in oxygen anion
conductivity will affect the overall cell resistance negligibly. Oxygen anion conduc-
tivity values from literature suggest that yttria content changes in the range of 8.6 to
15mol% would account for less than 1% increase in overall cell resistance.
Ultimately, oxygen anion conductivity is a small concern when compared to the
mechanical stability of the YSZ membrane. Mechanically, the membranes are most
stable when tetragonal and cubic phases are present, and at 1190◦C, these phases
are metastable in the yttria content range of 4.6w% (2.6mol%) to 15.3w% (9.0mol%)
[15]. These values can be confirmed in the phase diagram shown in Figure 2·11
where T denotes the tetragonal phase, C denotes the cubic phase, and M denotes the
monoclinic phase.
The main goal in ensuring mechanical stability of the membrane is to maintain
the original phase of the membrane as provided by the manufacturer. As-received
membranes contain 10.5w% (6mol%) yttria and do in fact contain tetragonal and
cubic phases.
From the YSZ phase diagram shown in Figure 2·11, it can be determined that at
1190◦C, the as-received membrane will exhibit both tetragonal and cubic phases. In
general there is no need to decrease the initial yttria content of the YSZ membrane,
imposing a lower limit on the yttria content of 10.5w%. Also, as it is undesireable
to change the phase of the membrane, the yttria concentration should not increase
so much that a phase transition to the cubic phase occurs. This phase transition
would occur at 15.3w% (9.0mol%). It can be concluded that the yttria content of the
membrane should lie between 10.5w% and 15.3w%.
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Figure 2·11: Phase diagram of YSZ in the temperature range of in-
terest. The star denotes the initial operating condition of the YSZ
membrane [2].
2.6 Summary
Static membrane stability experiments were performed to first determine YSZ mem-
brane stability in flux with no YF3 present in the flux. Afterwards, more static
experiments were performed with different concentrations of YF3 in the flux. When
compared to an as-received YSZ membrane sample, it was found that when no YF3
was added to the flux the membrane exhibited increased porosity and cracking. This
50µm region was also characterized by a decreased yttria concentration. When YF3
was added to the flux, the yttria concentration near the flux-membrane interface
changed. These results led to the conclusion that the yttria depletion process is
caused by chemical diffusion. As YF3 is added to the flux, the yttria activity in the
flux changes. As the yttria activity in the flux increases, the yttria chemical poten-
tial gradient between the membrane and flux changes. By adding YF3 to the flux,
the yttria diffusion process can be controlled. Also, a range of acceptable operating
concentrations of yttria in the YSZ membrane were determined from the YSZ phase
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diagram and literature. It was decided that the yttria content of the membrane should
lie between 10.5w% and 15.3w% for the SOM process.
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Chapter 3
Modeling
3.1 Objective
The yttria depletion mechanism was determined to be chemical diffusion in Chapter 2.
An optimal range of yttria concentrations in the YSZ membrane was also determined.
This chapter aims to model the diffusion process first to relate the concentration of
YF3 in the flux to the steady-state concentration of yttria in the YSZ membrane.
Such a model will allow for determination of an optimum range of YF3 concentrations
which can be added to the flux to allow for the correct yttria concentration in the
membranes during SOM operation. A second numerical modeling method was also
employed to determine the diffusion coefficient of yttria into YSZ, and the uncertainty
in this value was also determined numerically.
3.2 Interfacial Composition
During an industrial scale SOM process, it is unlikely that the YF3 concentration in
the flux will be controlled very accurately. Therefore it is beneficial to determine an
acceptable range of YF3 concentrations in the flux for SOM operation. In order to
determine the acceptable range, it is necessary to model how the interfacial yttria
content of the membranes changes as a function of YF3 concentration in the flux.
The interfacial compositions of YSZ membrane samples exposed to fluxes with
different YF3 concentrations were determined using EDS. The composition values
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collected are shown in Table 3.1. In Table 3.1, line items with the same w% YF3
and time represent different data points acquired from the same sample. The mean,
standard deviation, and uncertainty of the c0 values were calculated for each value of
w% YF3 added to the flux. Uncertainty values were calculated using a 95% confidence
interval. Interfacial composition values are plotted in Figure 3·1.
w% YF3 t (hours) c0 (w%) c¯0 (w%) σ (w%) Uc0 (w%)
0.0 32 0.00 0.00 0.00 0.00
0.0 32 0.00
1.0 32 0.02 0.16 0.20 0.41
1.0 32 0.30
1.5 32 20.84 14.36 6.34 5.21
1.5 32 11.51
1.5 32 10.71
1.5 32 23.88
1.5 32 8.70
1.5 32 10.54
2.0 32 23.41 18.03 4.28 2.65
2.0 32 21.21
2.0 32 22.58
2.0 50 14.98
2.0 50 20.78
2.0 50 12.45
2.0 50 11.96
2.0 100 16.63
2.0 100 18.24
2.5 32 29.16 29.61 3.93 4.62
2.5 32 26.76
2.5 32 35.29
2.5 32 27.24
3.5 32 29.08 30.59 4.12 3.93
3.5 32 29.16
3.5 32 27.56
3.5 32 37.85
3.5 32 29.30
5.0 32 31.24 30.06 2.87 2.36
5.0 32 27.80
5.0 32 28.65
5.0 32 28.42
5.0 32 28.83
5.0 32 35.40
Table 3.1: Interfacial flux compositions recorded for all samples. Mean
c0 values, standard deviations, and uncertainties are also included.
The uncertainty in the mean data is acceptable, as the error bars are small enough
to discern the behavior of the change in yttria concentration in the membrane as a
function of YF3 concentration in the flux. Up to 2.5w% YF3, yttria concentration
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(a) (b)
Figure 3·1: Interfacial yttria content as a function of YF3 content in
the flux: (a) raw data (b) mean data with error bars.
in the membrane increases as YF3 concentration increases. Also, in the range of
1.0w% to 2.5w% YF3, the yttria concentration appears to increase linearly with YF3
concentration. At YF3 concentrations above 2.5w%, the yttria concentration in the
membrane reaches a plateau. This implies that as YF3 is added to flux beyond 2.5w%,
no additional yttria diffuses from the flux into the membrane. It is hypothesized that
this plateau occurs because the activity of yttria in the flux becomes saturated [16].
The linear portion of the mean data set was modeled using a least mean squares fit.
The linear fit is shown in Equation 3.1, where c0 is the interfacial yttria concentration
in the membrane and cF is the concentration of YF3 in the flux, both measured in
w%. The linear fit yielded an R2 value of 0.96. The model is plotted in Figure 3·2
along with the mean data.
c0 = 18.40cF − 16.67 (3.1)
From the linear model and considering the range of acceptable yttria concen-
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Figure 3·2: Linear fit model of yttria concentration as a function of
YF3 concentration at the flux-membrane interface.
trations in the YSZ membranes, a range of YF3 concentrations in the flux can be
determined for the operation of the SOM process. By substituting the minimum and
maximum allowable yttria w% concentrations in the YSZ membrane for the c0 term
in Equation 3.1, minimum and maximum cF values can be solved. It was calculated
that the range of acceptable YF3 concentrations in the flux is 1.5w% to 1.7 w%.
Operating the SOM process with this range of cF values will maintain the tetragonal
and cubic phases in the YSZ membrane without undergoing a phase change.
Figure 3·3 shows the microstructure of a cross-section and yttrium concentration
profile for a YSZ membrane exposed to flux containing 1.5w% YF3 for 32 hours.
The yttrium concentration profile was obtained using EDS analysis. This membrane
represents an experiment to test the membrane stability at the lower limit of the
acceptable YF3 concentration operating range. Since the lower limit was defined by
maintaining the original yttria content as supplied by the manufacturer, it would
be expected that the yttria concentration near the flux-membrane interface matches
the yttria concentration in the bulk of the membrane. The yttrium concentration
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profile shows that this behavior did indeed occur. The microstructure shows pitting
due to polishing, but the membrane does not exhibit the cracking or porosity found
in a membrane exposed to flux with no w% YF3. This experiment demonstrates
that the diffusion process can be controlled such that yttria diffusion into and out
of the membrane does not occur. Also, the original phase structure provided by the
manufacturer can be maintained.
(a) (b)
Figure 3·3: YSZ membrane exposed to flux with 1.5% YF3 content
for 32 hours: (a) microstructure of membrane cross-section (b) yttrium
content as a function of position in the membrane.
3.3 Diffusion Coefficient
To complete the model of the diffusion process, consider the semi-infinite solution to
the diffusion equation shown in Equation 2.1. Position, x, and time, t, are experi-
mental variables. The interfacial concentration, c0, the bulk concentration, c∞, and
the diffusion coefficient, D, are parameters determined by the characteristics of the
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system. The interfacial concentration has been described by the model in Section
3.2, and the bulk concentration is provided by the manufacturer. The remaining un-
kown parameter in this model is the diffusion coefficient. To determine the diffusion
coefficient of yttria in YSZ at 1190◦C, data obtained from EDS analysis was used to
fit Equation 2.1 to the data using c0, c∞, and D as fitting parameters. Only EDS
line scans from 32 hour experiments were used to determine the diffusion coefficient,
and 5 line scans were performed for each membrane sample to improve statistical
confidence in the data. In determining the diffusion coefficient, only samples in which
yttria diffused into the YSZ were considered.
Before numerical methods were employed to fit for the diffusion coefficient, the
EDS data recorded for each membrane sample was normalized to the mean zirconium
signal intensity in the bulk of all the membrane samples. The “bulk” of the membrane
samples was defined as the last 10µm of a given EDS line scan. Equation 3.2 shows
how the yttrium signal intensity was normalized using the mean zirconium signal
intensity. cN is the normalized yttrium signal intensity, cY is the experimental yttrium
signal intensity for a given point on an EDS line scan, ¯cZr is the mean zirconium
signal intensity of the last ten data points for the EDS line scan, and ¯call is the mean
zirconium signal intensity of the last ten data points of all EDS line scans.
cN = cY
¯cZr
¯call
(3.2)
Using the normalized yttrium signal, a series of MATLAB functions were written
to perform a constrained optimization to fit c0, c∞, and D to the semi-infinite solution.
Specifically, MATLAB’s built-in active-set algorithm was used; more information on
active-set algorithms can be obtained from Numerical Optimization by Nocedal and
Wright [17]. The c0 and c∞ values were constrained between the lowest and highest
yttrium signal in the linescan. The D value was constrianed between values of 10−18
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and 10−12 m2/s. The initial guesses for the values returned by the optimzation func-
tion are as follows. The initial guess for the c0 value was the value of the first data
point in the line scan. The initial guess for the c∞ value was the value of the last
data point in the line scan. The initial guess for the D value was 5.6 ∗ 10−15 m2/s.
The values for c0, c∞, and D determined by the optimization function are provided
in Table 3.2.
cF t LS c0 Uc0 c∞ Uc∞ D UD
(w%) (hours) # (cts) (cts) (cts) (cts) (m2/s) (m2/s)
1.5 32 1 1388 303 1635 26 3.49E-17 1.03E-13
1.5 32 2 1493 302 1727 263 3.57E-17 8.16E-13
1.5 32 3 1464 239 1651 187 5.31E-17 6.86E-13
1.5 32 4 2386 192 1837 10 4.15E-16 1.89E-16
1.5 32 5 1763 82 1661 25 2.14E-15 4.80E-14
2.0 32 1 2946 49 1846 59 2.51E-14 5.02E-15
2.0 32 2 2838 37 1767 86 3.07E-14 8.64E-15
2.0 32 3 2871 96 1770 84 4.16E-14 1.09E-14
2.0 32 4 2935 78 1925 49 2.13E-14 5.61E-15
2.0 32 5 2871 73 1805 118 3.69E-14 1.15E-14
2.5 32 1 3412 192 2030 18 2.36E-15 4.69E-16
2.5 32 2 3092 166 1928 22 9.70E-16 6.40E-16
2.5 32 3 3478 113 2030 22 4.38E-15 9.44E-16
2.5 32 4 3506 215 2007 22 2.18E-15 8.94E-16
2.5 32 5 3549 270 2089 15 1.75E-15 5.54E-16
3.5 32 1 3815 91 2052 15 6.93E-16 1.94E-16
3.5 32 2 3911 220 2158 17 9.70E-16 2.00E-16
3.5 32 3 3963 165 2103 29 9.28E-16 4.46E-16
3.5 32 4 3795 332 2126 17 1.18E-15 5.86E-16
3.5 32 5 3707 216 2085 17 8.28E-16 2.11E-16
5.0 32 1 3368 77 2094 21 1.45E-15 4.72E-16
5.0 32 2 3272 150 1975 18 2.31E-15 6.52E-16
5.0 32 3 3135 203 2314 40 6.10E-15 3.19E-15
5.0 32 4 3163 139 2015 14 1.35E-15 4.10E-16
5.0 32 5 3351 233 2058 15 1.67E-15 5.69E-16
Table 3.2: Diffusion model data and uncertainties acquired from op-
timization and Monte Carlo programs.
After the optimization funtion calculated values for the parameters in the semi-
infinite equation, the uncertainty in those parameters was determined. A numerical
method was selected to estimate the uncertainty in the parameters using a Monte
Carlo simulation. Typically, uncertainties in experimental values can be calculated
analytically when many data sets are available for a given set of experimental condi-
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tions. Due to the lengthy and expensive nature of the static membrane stability ex-
periments, thousands of statistically relevant data sets were generated using a Monte
Carlo simulation in order to estimate the uncertainty in the parameter values. The
simulation operated by re-selecting data points from a given EDS line scan with re-
placement. For example, in a line scan with 100 data points in the membrane, another
set of 100 points would be selected randomly with replacement from the original line
scan data.
Figure 3·4 visually demonstrates the process of randomly selecting new data sets.
Figure 3·4(a) shows a normalized line scan data set, and Figure 3·4(b) shows one
random computer generated data selected with replacement from the data set in
Figure 3·4(a). Note the slight differences in the actual data values between the two
plots. By re-selecting the data points with replacement, it was possible to generate
computerized data sets to represent the experimental scatter in the data. 3000 data
sets were generated for each line scan.
(a) (b)
Figure 3·4: Visual example of the Monte Carlo Simulation: (a) nor-
malized EDS data (b) computer generated data set.
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From each computer generated data set, values for c0, c∞, and D were determined.
This method produced a distribution of parameter values for each data set. From
these distributions, it was possible to determine the 95% confidence intervals for each
mean parameter value. The estimated uncertainties are provided in Table 3.2.
Figures 3·5 and 3·6 show examples of parameter distributions from the Monte
Carlo Simulation for two different line scans. Figure 3·5 shows the normalized line
scan data and parameter distributions for a membrane exposed to 5.0w% YF3 in the
flux. The distributions for all parameters in Figure 3·5 exhibit gaussian behavior,
and therefore are associated with low uncertainty. Contrastingly, Figure 3·6 shows
the normalized line scan data and parameter distributions for a membrane exposed
to 1.5w% YF3 in the flux. The distributions for c0 and D in Figure 3·5 do not
exhibit gaussian behavior, and therefore are associated with high uncertainty. The
distribution for c∞ does, however, exhbit gaussian behavior, as the bulk yttrium
concentration in the membrane is a well defined value.
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(a)
(c)
(b)
(d)
Figure 3·5: Parameter fitting analysis for membrane exposed to 5.0w%
YF3 in the flux: (a) normalized EDS data (b) c0 distribution (c) c∞
distribution (d) D distribution.
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(a)
(c)
(b)
(d)
Figure 3·6: Parameter fitting analysis for membrane exposed to 1.5w%
YF3 in the flux: (a) normalized EDS data (b) c0 distribution (c) c∞
distribution (d) D distribution.
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From Table 3.2 it is evident that the statistical method of determining uncertain-
ties in parameter values for cases where membranes were exposed to flux with 1.5w%
YF3 was not sufficient; for most linescanes Uc0 and UD are greater than the parame-
ter values themselves. The numerical method was unsuccessful for these membranes.
The likely cause of the high uncertainty was the flatness of the diffusion curves for
these membranes. It was observed that as the concentration of YF3 in the flux in-
creases, the uncertainty in the parameters decreases. The model was successful for
membranes exposed to flux with 2.0w%, 2.5w%, 3.5w%, and 5.0w% YF3.
Parameter values shown in Table 3.2 represent the optimal parameter values to fit
the semi-infinite solution to the experimental data. To further divulge the statistcal
confidence in this data, the overall uncertainty in the semi-infinite model was calcu-
lated for each EDS line scan for the successfully modeled samples. This was done by
combining the parameter uncertainty values with the experimental uncertainty val-
ues. Bias uncertainty values for position and time were as follows: Ux = ±0.615µm,
and Ut = ±0.25 hours.
The combined uncertainty in the model was calculated using Equation 3.3. The
corresponding partial derivatives are shown in Equations 3.4-3.8.
Uc =
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∂c0
Uc0
)2
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(
∂c
∂c∞
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)2
+
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)2
+
(
∂c
∂x
Ux
)2
+
(
∂c
∂t
Ut
)2
(3.3)
∂c
∂c0
= 1− erf x
2
√
Dt
(3.4)
∂c
∂c∞
= erf
x
2
√
Dt
(3.5)
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Figures 3·7-3·26 show the normalized EDS line scan data along with the numer-
ically determined diffusion model and 95% model confidence intervals (C.I.) for the
given line scans. The model confidence intervals were calculated using Equation 3.3.
The figure captions show the flux composition and line scan number corresponding
to the data found in the figures.
Figure 3·7: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.0w% YF3. Linescan #1.
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Figure 3·8: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.0w% YF3. Linescan #2.
Figure 3·9: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.0w% YF3. Linescan #3.
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Figure 3·10: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.0w% YF3. Linescan #4.
Figure 3·11: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.0w% YF3. Linescan #5.
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Figure 3·12: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.5w% YF3. Linescan #1.
Figure 3·13: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.5w% YF3. Linescan #2.
41
Figure 3·14: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.5w% YF3. Linescan #3.
Figure 3·15: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.5w% YF3. Linescan #4.
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Figure 3·16: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 2.5w% YF3. Linescan #5.
Figure 3·17: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 3.5w% YF3. Linescan #1.
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Figure 3·18: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 3.5w% YF3. Linescan #2.
Figure 3·19: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 3.5w% YF3. Linescan #3.
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Figure 3·20: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 3.5w% YF3. Linescan #4.
Figure 3·21: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 3.5w% YF3. Linescan #5.
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Figure 3·22: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 5.0w% YF3. Linescan #1.
Figure 3·23: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 5.0w% YF3. Linescan #2.
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Figure 3·24: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 5.0w% YF3. Linescan #3.
Figure 3·25: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 5.0w% YF3. Linescan #4.
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Figure 3·26: Normalized yttrium signal intensity for a membrane ex-
posed to flux with 5.0w% YF3. Linescan #5.
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The mean diffusion coefficient of the 2.0w%, 2.5w%, 3.5w%, and 5.0w% data sets
was 2.61∗10−15m2/s with a maximum uncertainty of ±1.15∗10−14m2/s. The diffusion
coefficient of zirconia in bulk YSZ at 1200◦C has been measured to be approximately
10−20m2/s, while grain boundary diffusion is 10−16 to 10−17m2/s [18]. Also, the
diffusion coefficient of calcium in bulk YSZ was measured to be 10−22m2/s, and the
grain boundary diffusion coefficient was measured to be 10−14m2/s [19]. These values
from literature suggest that the yttria diffusion process described in this work is a
grain boundary diffusion process because the diffusion coefficient is on the order of
magnitude for grain boundary diffusion.
3.4 Summary
In this chapter, the interfacial yttria concentration in the YSZ membranes was mod-
eled as a linear function of YF3 concentration in the flux. This model is valid in a
certain range of YF3 concentrations. Above 2.5w% YF3 in the flux, it was found that
the yttria concentration in the membranes reaches a maximum value. The model
was used to determine a range of acceptable YF3 concentrations in the flux for SOM
operation, and this range is 1.5w% to 1.7w% YF3. The microstructure of membrane
cross-sections from an experiment with 1.5w% YF3 shows a YSZ membrane with little
porosity and no cracking; the addition of YF3 to the flux successfully stabilized the
membrane against diffusional degradation.
The mean diffusion coefficient of yttria in YSZ was also determined to be 2.61 ∗
10−15m2/s. This mean value was determined using a numerical method. When the
calculated diffusion coefficient was compared to literature values of diffusion coeffi-
cients in YSZ, it was postulated that the diffusion mechanism observed during static
membrane experiments was primarily due to grain boundary diffusion.
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Chapter 4
Impurities
4.1 Objective
The effect of flux impurities on YSZ membrane stability during the SOM process
has not been determined in any previous study. Common impurities found in MgO
supplies include calcia, silica, sodium oxide, and sodium peroxide. Static membrane
stability experiments were performed to uncover new degradation effects caused by
impurities.
4.2 Experimental
A set of static membrane stability experiments, similar to those described in Section
2.2, were performed in order to determine the effects of certain impurities in the
flux on YSZ membrane stability. The same experimental set-up shown in Figure 2·1
was used. Again, no electric potential was applied across the membranes in these
experiments.
The compositions of molten fluxes tested with impurities are shown in Table 4.1.
The concentrations of impurities added to the flux were determined based upon ex-
pected operation of a SOM electrolysis cell over thousands of hours. In an industrial
scale SOM process, MgO will be continually added to electrolysis cells, so the concen-
trations of impurities tested were upper estimates of the total impurity concentrations
at any given point in the lifetime of a SOM electrolysis cell.
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w% YF3 w% CaF2 w% MgF2 w% MgO w% Impurity
2.0 37.4 45.6 10.0 5.0 CaO
2.0 38.7 47.3 10.0 2.0 SiO2
2.0 38.7 47.3 10.0 2.0 Na2O/Na2O2
Table 4.1: Flux compositions tested in static membrane stability ex-
periments with impurities.
The yttrium fluoride, calcium fluoride, magnesium fluoride, and magnesium oxide
flux components were from the same lots as described in Section 2.2. The impurities
tested in the flux were 96% pure calcium oxide (Alfa Aesar #A12112), 99.5% pure
silica (Alfa Aesar #13024), and sodium oxide/sodium peroxide (Alfa Aesar #36712)
powders.
In static experiments with impurities, powders were processed in the same manner
as described in Section 2.2, and the same experimental procedure was used except in
the case of the SiO2 impurity. It is known that by combining CaF2, H2(g), and SiO2,
hydrofluoric acid (HF) will be formed [20]. To avoid the formation of dangerous HF
gas during experimentation, only argon gas was passed through the mullite chamber at
a rate of 300 SCCM, without hydrogen. In all impurity experiments, YSZ membranes
were submerged in the flux for 32 hours.
In each static experiment with impurities, 2.0w% YF3 was added to the flux in
order to eliminate yttria diffusion out of the membrane as a degradation mechanism.
In Section 3.2, however, it was noted that adding more than 1.7w% YF3 would lead
to a phase change in the YSZ. In the time frame of experiments described in this
section, significant transition to cubic YSZ was not a concern; the small cubic layer
formed at the edge of the membrane did not affect membrane stability. Adding
2.0w% YF3 stopped the yttria depletion process, and the membrane was not able to
reach the saturated yttria concentration. The concentration of 2.0w% YF3 allowed
for consistent and comparable impurity experiments.
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4.3 Calcia
Figure 4·1 shows the microstructure of a membrane cross-section and the yttria, zir-
conia, and calcia concentration profiles in the membrane exposed to calcia impurity.
Oxide concentration profiles were determined using WDS analysis. Also, oxide con-
centrations as a function of position are provided in Table 4.2.
The microstructure displays a membrane with no cracking. There is no porosity
in the bulk, and the porous region near the interface is only 20µm long. The yttria
concentration profile is relatively constant, showing no yttria depletion region; yt-
tria concentration values fell in the range of 6.19 to 12.98w%. The interfacial yttria
concentration value of 6.19w% is low likely due to membrane imperfections at the
surface. The zirconia concentration profile was also constant. The calcia concen-
tration in the membrane was nearly zero, suggesting that calcia was not diffusing
into the membrane. The small calcia concentration measured by WDS was within
the experimental error of the WDS analysis method, and the concentration value is
therefore not quantitatively valid.
Calcia has a minimal effect on membrane stability. The lack of degradation caused
by calcia was expected, as calcia is a common stabilizing agent used in zirconia. Either
calcia-stabilized zirconia (CaSZ) or calcia-yttria-stabilized zirconia (CaYSZ) can be
manufactured. In the experiment described, if calcia had diffused into the membrane,
CaYSZ would have been created. CaYSZ can exhibit oxygen anion conductivities
comparable to those of YSZ [21].
Calcia will be the most abundant impurity in the flux during an industrialized
SOM process, and calcia is of little concern with respect to membrane degradation.
Since CaO will be a natural impurity in MgO supplies, future studies should consider
the use of CaO as an additional stabilizer that could be added to the flux. Using the
CaO impurity as an additional stabilizer could reduce the need to add YF3 to the
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(a) (b)
Figure 4·1: YSZ membrane exposed to flux with 5.0% CaO content for
32 hours: (a) microstructure of the membrane cross-section (b) oxide
concentrations as a function of position in the membrane.
flux. Although not witnessed in this experiment, studies have measured high diffusion
coefficients of calcia into YSZ, making calcia a plausible stabilizer [22].
The possibility of using a CaYSZ or CaSZ membrane should also be explored.
Using either membrane could take advantage of the CaF2 and calcia in the flux,
removing the need to use YF3 at all.
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Position (µm) w% Y2O3 w% ZrO2 w% CaO
0 6.19 90.22 0.04
10 12.08 86.55 0.04
20 12.98 82.81 0.06
30 10.49 85.85 0.08
40 10.30 85.11 0.03
50 11.12 84.15 0.05
60 10.14 86.65 0.03
70 10.19 87.36 0.00
80 11.04 86.79 0.06
90 12.08 85.51 0.02
Table 4.2: Oxide concentrations in the YSZ membrane exposed to
5.0% CaO for 32 hours.
4.4 Sodium Oxide & Sodium Peroxide
Although sodium peroxide was present in the flux, the second oxygen in Na2O2 should
have calcined out as Na2O is the stable phase at the SOM operating temperature of
1190◦C [23]. Therefore, the direct effect of sodium peroxide on the membrane is
unimportant in studying the SOM process. Figure 4·2 shows the microstructure of
a membrane cross-section and the yttria, zirconia, and sodium oxide concentration
profiles in the membrane after the static experiment with sodium oxide impurity.
Oxide concentration profiles were determined using WDS analysis. Also, oxide con-
centrations as a function of position are provided in Table 4.3.
The microstructure shows increased porosity, to a significant degree, and the
porosity is present both near the interface and in the bulk. The yttria concentration
profile shows no signs of depletion. The zirconia concentration profile is somewhat
erratic and suggests that some corrosive reaction may have occurred between the
sodium oxide and the membrane. The corrosive reaction is presumed to be responsi-
ble for the membrane’s porosity. Finally, the sodium oxide concentration profile shows
no oxide present anywhere in the membrane, indicating that there was no diffusion
of sodium oxide into the membrane. Although the YSZ membrane was observed to
degrade when sodium oxide was added to the flux, it will be seen in the next chapter
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(a) (b)
Figure 4·2: YSZ membrane exposed to flux with 2.0% Na2O/Na2O2
content for 32 hours: (a) microstructure of the membrane cross-section
(b) oxide concentrations as a function of position in the membrane.
that during normal SOM electrolysis cell operation the sodium oxide will be removed
from the system.
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Position (µm) w% Y2O3 w% ZrO2 w% Na2O
0 12.73 82.96 0.00
10 10.94 77.21 0.00
20 11.42 78.38 0.00
30 10.75 76.25 0.00
40 10.84 82.78 0.00
50 9.53 78.76 0.00
60 10.95 81.27 0.00
70 10.77 85.45 0.00
Table 4.3: Oxide concentrations in the YSZ membrane exposed to
2.0% Na2O/Na2O2 for 32 hours.
4.5 Silica
Figure 4·3 shows the microstructure of a membrane cross-section and the yttria,
zirconia, and silica concentration profiles in the membrane. Oxide concentration
profiles were determined using WDS analysis. Also, oxide concentrations as a function
of position are provided in Table 4.4.
(a) (b)
Figure 4·3: YSZ membrane exposed to flux with 2.0% SiO2 content for
32 hours: (a) microstructure of the membrane cross-section (b) oxide
concentrations as a function of position in the membrane.
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Position (µm) w% Y2O3 w% ZrO2 w% SiO2
0 15.12 66.72 0.78
10 9.52 82.46 0.51
20 11.82 82.97 0.12
30 10.89 84.94 0.10
40 12.83 85.62 0.10
50 17.02 73.54 0.32
60 11.71 72.33 0.29
70 10.63 71.60 0.17
80 9.59 85.35 0.09
90 11.14 85.52 0.06
Table 4.4: Oxide concentrations in the YSZ membrane exposed to
2.0% SiO2 for 32 hours.
The YSZ membrane exposed to silica impurity displayed extreme degradation; the
membrane developed a high degree of porosity at the interface and in the bulk. Inter-
estingly, the yttria concentration in the membrane was constant across the membrane,
despite the high degree of porosity. Similar to the degradation caused by sodium ox-
ide, it appears that the membrane exposed to silica in the flux degraded by a corrosive
process. The porosity is accompanied by an erratic zirconia concentration profile sug-
gesting that the silica impurity is somehow attacking the zirconia. The mechanism
of this degradation has not been identified. Also interestingly, the concentrations of
silica found in the membrane were small and within the error of the WDS analy-
sis. Regardless of the degradation mechanism, the silica impurity degraded the YSZ
membrane to a great degree, and the experimental results suggest that silica should
be avoided as an impurity altogether.
The silica degradation mechanism is not well understood and the small amount
of literature available on YSZ stability in fluoride melts made it impossible to find
a comparable experiment. Some studies of the interactions between zirconia and
silica at high temperature, however, support the experimental evidence that silica
could cause degradation to the YSZ. One study describes a process of forming porous
YSZ by using SiO2 as a pore former [24]. This study, notably, does not identify
the mechanism by which the silica creates pores in the YSZ, but the study’s results
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validate the relationship between silica in the flux and increased membrane porosity
during the SOM process.
A second study considered the effect of adding 0.1w% silica to YSZ powder and
then sintering the powder mixture. The authors performed electrochemical measure-
ments on the samples which showed degradation of the oxygen anion conductivity
[25]. The study notes that no amorphous phase was present in the sintered material,
but since the concentration of silica added to the YSZ was so small, it was possible
that the instruments employed in this study were simply not powerful enough to ob-
serve this phase [25]. This could explain why no silica was found to be present in
membrane samples exposed to silica impurity in this study, and if silica does enter
the YSZ, an effect of decreased oxygen anion conductivity would lower SOM process
efficiency.
4.6 Summary
A set of static membrane stability experiments were performed to observe the effects of
calcia, sodium oxide, sodium peroxide, and silica on YSZ membrane stability. Calcia
was found to have little effect on YSZ membrane stability, as calcia is commonly used
as a stabilizer in zirconia instead of yttria. It is possible that the calcia could actually
act as an additional stabilizer beyond the YF3 added to the flux, but new possible
effects of increased viscosity due to the oxide in the flux must be considered. Sodium
peroxide transitions to sodium oxide at the SOM operating temperature, and sodium
oxide was found to increase porosity in the YSZ membrane during static experiments.
Silica also increased membrane porosity, but to a much greater extent than sodium
oxide. The degradation mechanisms of sodium oxide and silica on the membrane are
unknown.
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Chapter 5
Electrolysis Experiments
5.1 Objective
Chapters 2-4 dealt with YSZ membrane stability in controlled static experiments in
which no electric potential was applied across the membrane. This chapter analyzes
membrane samples from single-tube electrolysis experiments. The additional effect
of applied potential must be considered to determine whether or not the conclusions
from Chapters 2-4 will be valid during SOM electrolysis for magnesium production.
5.2 Experimental
SOM electrolysis experiments were performed using four different flux compositions
as shown in Table 5.1. These experiments were performed to determine how adding an
applied potential across the YSZ membrane may affect yttria diffusion or impurities
effects. No electrolysis experiments were performed with silica in flux due to the
extreme degradation that the impurity caused in static experiments.
Figures 5·1 and 5·2 are engineering drawings of the SOM electrolysis cells used
in electrolysis experiments, showing the front and right views, respectively. The
w% YF3 w% CaF2 w% MgF2 w% MgO w% Impurity
0.0 37.4 45.6 10.0 0.0
2.0 39.6 48.4 10.0 0.0
2.0 37.4 45.6 10.0 5.0 CaO
2.0 38.8 47.4 10.0 1.8 Na2O/Na2O2
Table 5.1: Flux compositions tested in electrolysis experiments.
59
electrolysis cells first consisted of an upper reaction chamber where the dissociation
of MgO took place, and this chamber was heated to 1190◦C. There was also a lower
condensing chamber in which magnesium vapor condensation took place, and this
chamber was maintained in the temperature range of 1050◦C to 300◦C. Electrolysis
cells were machined out of type 304 stainless steel. Stainless steel parts were welded
together to ensure vacuum grade sealing. Cells were heated to the aforementioned
temperatures at a rate of 4◦C/min.
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Figure 5·1: Front view, cut-through schematic of the SOM electrolysis
cell.
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Figure 5·2: Right view, cut-through schematic of the SOM electrolysis
cell.
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The stainless steel cell wall acted as the cathode, and the anode was a liquid
silver metal bath inside of a one-end-closed, 1.27cm inner diameter, 30.48cm long
YSZ membrane (McDanel Ceramics #Z15410431−012000). YSZ membranes had an
yttria content of 10.5w%, as in previously described experiments. When no impurities
were present in the flux, the anode current collector was a 6.35mm outer diameter
molybdenum tube. Hydrogen gas was passed through the molybdenum tube at a
rate of 60 SCCM; the hydrogen prevented oxidation of the molybdenum tube and
decreased the dissociation potential of the MgO. In experiments in which impurities
were present in the flux, a solid graphite rod was used as the anode current collector,
and the graphite rod was consumed during the electrolysis.
The electrolysis cells were placed inside of a mullite chamber, and the outside of
the electrolysis cells were maintained in a reducing atmosphere by passing forming
gas around the cell at 300 SCCM. Forming gas was used to prevent oxidation of the
stainless steel. Simultaneously, argon gas was passed through the annulus between the
YSZ membrane and the stainless steel tube extending out of the top of the electrolysis
cell. Argon gas was passed at 300 SCCM. The argon gas carried magnesium vapor
produced in the reaction chamber through a set of two tubes into the condensing
chamber. The magnesium vapor exit tubes are visible in Figure 5·1. Further, the
argon gas also prevented reduction of the YSZ. Before entering the electrolysis cells,
argon gas was passed through a drierite trap and magnesium trap to remove water
vapor and oxygen, thus improving the purity of the argon gas.
In experiments in which YF3 and impurities were added to the flux, argon gas was
also bubbled into the flux to maintain a homogeneous flux mixture during electrolysis.
Argon gas bubbles were introduced to the flux by passing argon gas through the
stirring tube shown in Figure 5·2 at varying rates. In the experiment in which no
YF3 nor impurities was present in the flux, a stirring tube was not used.
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As MgO was dissociated, either H2O(g) or CO(g) was produced at the anode when
either a molybdenum or graphite current collector was used, respectively. The anode
product gases were allowed to exit the cell through an alumina tube attached to
the open end of the YSZ membrane. The alumina tube was attached to the YSZ
membrane using alumina paste (Aremco #552).
YSZ membranes were mounted, polished, grinded, and analyzed employing the
same methods as described in Section 2.2.
5.3 Yttria Diffusion
Figure 5·3 shows two yttrium concentration profiles. The first is an EDS profile of
a membrane that was exposed to flux during a static experiment for 24 hours. The
second EDS profile is of a membrane which was used in an electrolysis experiment and
was exposed to flux for 23 hours. During the electrolysis experiment, 9600 coulombs
were passed through the electrolysis cell.
Figure 5·3: Yttrium concentration profiles for static (24 hours) and
electrolysis (23 hours) experiments with 0.0w% YF3 in the flux.
The yttrium concentration profiles in Figure 5·3 are nearly identical, which sug-
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gests that the yttria diffusion process is independent of the applied potential during
SOM electrolysis. This further confirms the conclusion from Chapter 2 in which it was
determined that chemical diffusion was the primary method of yttria migration from
YSZ membranes. Applied potential does not play a major role in this process. This
experimental result agrees with a literature study which predicted that an applied
potential across YSZ would cause no measurable demixing of yttria [26]. Another
electrolysis experiment in which 2.0w% YF3 was added to the flux also showed no
signs of increased yttria migration.
(a) (b)
Figure 5·4: YSZ membrane cross-section microstructure with no YF3
in the flux: (a) static experiment (b) electrolysis experiment.
Determining that applied potential did not affect the yttria depletion process was
an important result. The result allows for the diffusion mechanisms and models
described in Chapters 2 and 3 to be valid for an industrial SOM process in which a
potential will be applied across YSZ membranes.
Although the yttria concentration profiles between the static and electrolysis ex-
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periments were nearly identical, there is a vast microstructural difference between
the static and electrolysis experiments. Figure 5·4 shows a membrane from a static
experiment and another membrane from an electrolysis experiment in which 35280
coulombs were passed through the cell. YF3 was not added to the flux in either
experiment.
Figure 5·5: YSZ membrane cross-section microstructure image with
no YF3 in the flux: Figure 5·4(b) zoomed out.
The membrane from the static experiment in Figure 5·4(a) shows a small 50µm
region near the flux-membrane interface that exhibits a high degree of cracking and
porosity, as demonstrated previously in Chapter 2 when no YF3 is added to the
flux. The membrane from the electrolysis experiment, however, displays a porous
region that extends deep into the bulk of the membrane. Figure 5·5 shows the same
membrane from Figure 5·4(b), but on a different scale; this microstructure of the
membrane cross-section shows that the porous membrane actually extends throughout
the whole membrane.
The extended porous region shown in Figures 5·4(b) and 5·5 is believed to be
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caused by a different degradation mechanism, electrochemical reduction, which will
be discussed later in this chapter.
5.4 Impurities
Electrolysis experiments with CaO and Na2O/Na2O2 impurities in the flux yielded
membranes with constant yttria and zirconia concentration profiles. The YF3 in the
flux successfully stopped the yttria depletion process, again. Both membranes, how-
ever, exhibited the extended porous region described in Section 5.3. This porous
region was approximately 1000µm wide for both impurities and is believed to be
caused by electrochemical degradation. The impurities are not believed to be the
cause of this large porous region. Figure 5·6 shows the microstructure of the mem-
brane cross-section and WDS concentration profile of a YSZ membrane from an elec-
trolysis experiment with CaO added to the flux. Figure 5·7 shows the microstructure
of the membrane cross-section and EDS concentration profile of a YSZ membrane
from an electrolysis experiment with Na2O/Na2O2 added to the flux.
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(a) (b)
Figure 5·6: YSZ membrane from electrolysis experiment with CaO in
the flux: (a) microstructure of the membrane cross-section (b) oxide
concentration as a function of position in the membrane.
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(a) (b)
Figure 5·7: YSZ membrane from electrolysis experiment with
Na2O/Na2O2 in the flux: (a) microstructure of the membrane cross-
section (b) oxide concentration as a function of position in the mem-
brane.
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In the experiment with Na2O/Na2O2 impurities, a sodium hydroxide hydrate de-
posit was found in the condensing chamber. The composition of this deposit was
determined using x-ray diffraction. This deposit suggests that sodium was removed
from the flux and deposited in the condensing chamber by a spontaneous reaction.
Considering the reaction in Equations 5.1 and 5.2, the negative ∆Grxn shows that
sodium vapor was spontaneously generated from the Na2O and Na2O2 impurities [23].
This sodium vapor must have been carried out of the reaction chamber with the argon
carrier gas to the condensing chamber.
Na2O + C = 2Na(g) + CO(g); ∆Grxn = −63.7kJ/mol (5.1)
Na2O2 + 2C = 2Na(g) + 2CO(g); ∆Grxn = −304.8kJ/mol (5.2)
Equations 5.1 and 5.2 apply to the SOM process when a graphite rod is used as
an anode current collector. Equations 5.3 and 5.4 show reactions to remove sodium
oxides from the flux when a molybdenum current collector is used [23]. Equation 5.4
demonstrated that again Na2O2 will be removed from the reaction chamber sponta-
neously.
Na2O + H2(g) = 2Na(g) + H2O(g); ∆Grxn = 10.1kJ/mol (5.3)
Na2O2 + 2H2(g) = 2Na(g) + 2H2O(g); ∆Grxn = −162.1kJ/mol (5.4)
Equation 5.3 indicates that Na2O will not be removed spontaneously, however, the
small applied potential required to remove the Na2O can be calculated using Equation
5.5, where Erxn is the potential required to move the reaction forward, ∆Grxn is the
Gibbs free energy change of the reaction, n is the number of electrons per mole of
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reactant, and F is Faraday’s constant. It can be calculated that the reaction shown
in Equation 5.3 will proceed when a potential of 0.21V is applied.
Erxn =
∆Grxn
nF
(5.5)
The reactions shown in Equations 5.1, 5.2, and 5.4 will proceed spontaneously in
the SOM reaction chamber. The reaction shown in Equation 5.3 will proceed when
a potential of 0.21V is applied across the electrolysis cell. Even in this case, the
sodium oxide will be removed even before magnesium dissociation begins because the
dissociation potential of sodium oxide is much less than that of magnesium oxide;
when hydrogen is used as a reductant, the dissociation potential of MgO will be
approximately 1.7V. Whether a graphite or molybdenum current collector is used,
sodium oxides will be removed from the reaction chamber. Thus, sodium oxide and
sodium peroxide do not affect YSZ membrane stability during SOM electrolysis.
Further, if the temperature in the condensing chamber is properly controlled,
sodium deposits can be separated from magnesium deposits. Sodium vapor condenses
at 883◦C, a lower temperature than the magnesium condensation temperature of
1091◦C. In the condensing chamber, the sodium vapor should condense below the
magnesium deposit (where the condensing chamber temperature is lower), so the
sodium deposit will not contaminate the final magnesium product.
5.5 Electrochemical Reduction
Although the operation and electrochemical behavior of SOM electrolysis is not the
focus of this thesis, it is important to mention the presence of an electronic current
in the flux and its effect on YSZ membrane stability. The source of the electronic
current is believed to be a small solubility of magnesium in the flux [16]. With no
magnesium dissolved in the flux, the flux is purely an ionic conductor. The pres-
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ence of electronic current has been shown to cause the electrochemical degradation
of YSZ during SOM electrolysis [16]. In this section, the characteristics and mecha-
nism for electrochemical degradation will be described. Electrochemical degradation
characteristics will be outlined to discern this mechanism from flux-membrane inter-
action degradations. This thesis will not describe methods of removing the effect of
electrochemical degradation as it is outside the scope of the work.
Of all possible oxide reduction reaction pathways to convert MgO to Mg or ZrO2
to Zr, reactions to convert ZrO2 to Zr require lower dissociation potentials than in the
conversion of MgO to Mg [16]. This implies the electrochemical dissociation of ZrO2
is in fact more favorable than the dissociation of MgO. When no electronic current
is present in the flux, the YSZ membrane is protected due to the large potential
drop across the flux; the potential drop across the YSZ is not great enough to induce
dissociation. When electronic current is present, however, the electronic current acts
as a low-resistance current pathway in the flux, decreasing the potential drop across
the flux. As the potential drop across the flux decreases, the potential drop across
the YSZ must increase. In this scenario, the potential drop across the YSZ can be
great enough to cause electrochemical degradation [16].
Electrochemical reduction describes the primary degradation mechanism for elec-
trolysis experiments when YF3 is added to the flux. Figure 5·8 shows a YSZ mem-
brane from an electrolysis experiment in which the closed end of the membrane has
been significantly thinned. The membrane has thinned because the YSZ has been
electrochemically removed from the solid and been deposited in the flux. The dark
line across the membrane was the height to which the flux rose during electrolysis.
Methods of reducing the electronic current in the flux include increased argon gas
stirring and operating the SOM process in a vacuum [16]. These methods can re-
move the electronic current and subsequently remove electrochemical reduction as a
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degradation pathway.
Figure 5·8: YSZ membrane exhibiting large degree of electrochemical
degradation.
5.6 Summary
Electrolysis experiments were performed with four different flux compositions. Ap-
plied potential was found to have no effect on the yttria diffusion process. In an
experiment with calcia added to the flux, no unique membrane stability characteris-
tics were observed. When sodium oxide and sodium peroxide were added to the flux,
a small sodium deposit was identified in the condensing chamber of the electrolysis
cell. Thermodynamic analysis of system led to the conclusion that sodium oxide and
sodium peroxide would be removed from the flux spontaneously when using a graphite
current collector; the impurities will be removed with a molybdenum current collector
when only a small electric potential is applied. Finally, the degradation mechanism
of electrochemical reduction of YSZ was described.
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Chapter 6
Conclusion
6.1 Conclusions
This work examined the stability of yttria-stabilized zirconia in a variety of oxy-
fluoride melts specific to the SOM process for magnesium production. Three degra-
dation mechanisms were identified and analyzed which are described as follows:
1. Yttria diffusion out of YSZ
2. Corrosion of YSZ due to flux impurities
3. Electrochemical reduction of zirconia
The mechanism of yttria depletion out of YSZ membranes was determined to be
entirely due to chemical diffusion. By adding small concentrations of YF3 to the flux,
the diffusion process was controlled. This method worked by increasing the yttrium
chemical potential in the flux to match that of the YSZ membrane. This diffusion
process was modeled first to determine the steady state yttria concentrations in YSZ
as a function of YF3 concentration in the flux. This model determined that the
acceptable range of YF3 concentrations in flux for the SOM process is 1.5w% to
1.7w%. A static membrane stability experiment with 1.5w% YF3 in the flux shows a
membrane with little porosity and constant oxide concentration profiles.
The diffusion coefficient of yttria into YSZ was also determined by numerical mod-
eling. The semi-infinite solution to Fick’s second law was fit to the experimentally
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determined yttria concentration profiles to determine the diffusion coefficient, and a
Monte Carlo simulation was used to approximate the uncertainty in the diffusion co-
efficient. The diffusion coefficient was numerically determined to be 2.61∗10−15m2/s.
The effect of impurities in the flux on YSZ membrane stability was observed for
the first time. Calcia impurities have little effect on membrane stability. Sodium
oxide and silica impurities were found to corrode the membrane by an undetermined
mechanism. Corrosion due to the silica impurity was so great that it is recommended
to avoid this impurity during SOM operation as much as possible.
Electrolysis experiments were performed first to show that applied potential would
not affect the yttria diffusion process and that the diffusion models will hold during
electrolysis. During electrolysis, electrochemical reduction of zirconia becomes the
primary method of membrane degradation. Calcia impurities during electrolysis did
not affect operation of the SOM process. Sodium oxide impurities were found to be
removed from the flux either spontaneously or with a small applied potential.
6.2 Future Work
Electrochemical reduction of zirconia should be the first problem addressed. Reducing
the electronic current in the flux is critically important to maintaining YSZ membrane
stability.
Considering impurities, first a method of eliminating the corrosive effect of silica
on membranes should be determined. This may involve determining the degradation
mechanism. Knowing the degradation mechanism could also be beneficial for better
understanding membrane degradation processes in the SOM process for silicon pro-
duction. The effect of oxide impurities on flux properties should also be considered.
It is likely that the oxide impurities will increase flux viscosity due to the formation
of oxide networks, and these networks could decrease mass transfer kinetics in the
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SOM process.
Finally, the use of calcia-stabilized zirconia membranes should be considered. The
flux is already comprised of a CaF2-MgF2 based melt, so the calcium activity in the
flux should be high. By using a CaSZ membrane, the CaF2 could act as an electrolyte
component and membrane stabilizer, eliminating the need to add YF3 to the flux. If
no YF3 needs to be added to the flux, electrolysis cell cost will also decrease. CaSZ
tubes may also be cheaper than YSZ tubes. CaO flux impurities could even act as
an additional stabilizer for a CaSZ tube.
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